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PREFACE

This report describes the theoretical aspects, the modeling capabilities
and the limitations of the geochemical computer code SOLMINEQ.88. This code
is the latest version of SOLMNEQ (Kharaka and Barnes, 1973), SOLMNEQF
(Aggarwal and others, 1986), and several unpublished versions of this software
package. The computer program can be used to model speciation, saturation,
dissolution/precipitation, ion exchange/adsorption, mixing, boiling, and gas
partitioning between water, oil, and gas phases. The program is comprehensive
but it is especially useful for modeling water-rock interactions in
sedimentary basins where high temperatures, pressures, salinities, and
dissolved organic species prevail.

The user is requested to kindly notify the originating office of any
errors found in this report or in the computer program. Updates may
occasionally be made to both the report and the program. Users who wish to
receive a copy of the computer program and report may send a request to the

following addresses:

Y. K. Kharaka
U.S. Geological Survey
345 Middlefield Road, Mail Stop 427
Menlo Park, CA 94025
Telephone: (415) 329-4535

W. D. Gunter
Alberta Research Council
0il Sands and Hydrocarbon Recovery Department
P.0. Box 8330, Postal Station F
1021 Hayter Road
Edmonton, Alberta, Canada T6H 5X2
(Alberta Research Council Open File Report #1988-14)

The use of brand or product names in this report is for identification

purposes only and does not imply endorsement by the U.S. Geological Survey.
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CONVERSION FACTORS

Metric (International System) units are used in this report. For
those readers who prefer to use inch-pound units, conversion factors for the

terms used in this report are listed below:

Multiply metric unit by obtain inch-pound uni
micrometer (um) 0.03937 mil
centimeter 0.3937 inch
meter (m) 3.281 foot (ft)
square centimeter (cm2) 0.1550 . square inch (in2)
cubic centimeter (cms) 0.06102 cubic inch (1n3)
cubic meter (m3) 35.31 cubic feet'(ftS)
liter (1) 0.03531 cubic feet (ft)
microgram (ug) 1.543 x 107> grain (gr)
miligram (mg) 1.543 x 1072 grain (gr)
gram (g) 2.205 x 10> | pound (1b)
kilogram (kg) 2.205 : pound (1b)
miligram/liter (mg/1) 6.243 x 107> | pound/cubic foot (1b/ft>)
atmosphere (atm) 14.70 pounds per square inch (psi)
bar 14.50 pounds per square inch (psi)
kilopascal (kPa) 0.1450 ' pounds per square inch (psi)
degree Celcius (°C) 1.8 °C + 32 degree Fahrenheit (°F)
degree Kelvin (K) (K - 273.15)1.8 + 32 degree Fahrenheit (°F)
calorie (cal) 3.968 x 10> British thermal unit (Btu)

kilocalorie (kcal) 3.968 British thermal unit (Btu)



SOLMINEQ.88: A COMPUTER PROGRAM FOR GEOCHEMICAL MODELING
OF WATER-ROCK INTERACTIONS

by
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ABSTRACT

Geochemical modeling based on equilibrium and irreversible thermodynamics
has, in the last 20 years, become a well recognized tool for understanding the
processes of water-rock interactions and predicting their consequences.
SOLMINEQ.88 is the latest version of the 1973-computer program code SOLMNEQ
and its various updated versions. This program is general and comprehensive,
but is particularly useful for modeling geochemical interactions in
sedimentary basins and petroleum reservoirs where petroleum, aqueous organic
species, and subsurface pressure play an important role.

SOLMINEQ.88 is written in FORTRAN-77 and has an improved algorithm over
that in previous versions for faster execution. This version has a revised
thermodynamic database, more inorganic (260) and organic (80) aqueous species
and minerals (220), computes the activity coefficients in brines using Pitzer
equations, and computes pH and mineral solubilities at subsurface temperatures
(0° to 350° C) and pressures (1 to 1,000 bars). New modeling options in
SOLMINEQ.88 can be used to study the effects of boiling, mixing of solutions
and partitioning of gases between water, oil and gas phases. SOLMINEQ.88 has
several mass transfer options that can be used to predict the effects of ion
exchange, adsorption/desorption, and dissolution/precipitation of solid
phases. A user-friendly interactive code SOLINPUT is available for use to
generate and update the input file for SOLMINEQ.88.

The numerous assumptions and limitations of geochemical models like
SOLMINEQ.88 are described in detail because they indicate the range of
conditions where the models can be used successfully. The limitations may be
related to incomplete and/or unreliable chemical and mineral data as well as
to uncertainties in equilibrium constants for aqueous species and minerals.
The modeling capabilities and the limitations of the various options in this
code are described with output from selected examples.

*

Alberta Research Council
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Edmonton, Alberta, Canada

*%
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Columbus, Ohio



INTRODUCTION

Water-rock interactions in natural syst‘ s comprise a combination of
several physical and chemical processes, including (a) mineral dissolution and
precipitation; (b) ion exchange and adsorption/desorption; (c¢) mixing of
fluids; (d) gas separation by pressure-drawdown or boiling; and (e)
organic/inorganic interactions. In the last 20 years, geochemical modeling
based on equilibrium and irreversible thermodynamics has become a well
recognized tool for understanding the processes of water-rock interaction and
predicting their consequences. Numerous computer program codes are presently
available for geochemical modeling of water-rock interactions (Nordstrom and
others, 1979; Wolery, 1983; EPRI, 1984; Nordstrom and Munoz, 1985). The list
of commonly used programs is large and expanding; it includes the following
software packages:

1. PATHI and its modified versions (Helgeson and others, 1970;
Perkins, 1980).
2. SOLMNEQ and its modified versions (Kharaka and Barnes, 1973;
Aggarwal and others, 1986).
3. WATEQ and its modified versiong (Truesdell and Jones, 1974;
Plummer and others, 1984; Ball and others, 1987).
MINEQL (Westall and others, 1976).
EQ3/EQ6 (Wolery, 1979; 1983; 1984).
PHREEQE (Parkhurst and others, 1980).
GEOCHEM (Sposito and Mattigod, 1980).
SOLVEQ (Reed, 1982).
MINTEQ (Felmy and others, 1984).
10. DYNAMIX (Narasimhan and others, 1986)
The computer program code SOLMNEQ (Kharaka and Barnes, 1973) was

O 0 4 O 0 &

originally written in PL/1 for the IBM 360 computers. The original program
computed the equilibrium distribution of 162 inorganic aqueous species
generally present in natural waters over the temperature range of 0° to

350 °C from the reported physical and chemical properties of the water and an
internally consistent set of thermodynamic data. The program also computed
the saturation states of 158 minerals commonly encountered in sedimentary
rocks. SOLMNEQ has undergone continuous updating, additions and
modifications. The additions and modifications were carried out to develop a
general comprehensive computer program for geochemical modeling of water-rock

interactions. This program, however, is partibularly useful for modeling



interactions in sedimentary basins and in thermally stimulated oil reservoirs
where petroleum and aqueous organic species play an important role.

The present version, renamed SOLMINEQ.88 (SOLution MINeral EQuilibrium,
1988), is written in FORTRAN-77 and has an improved algorithm for faster
execution. This version has a revised thermodynamic data base, more inorganic
(260) and organic (80) aqueous species and minerals (220), and computes pH and
mineral solubilities at subsurface temperatures and pressures. New modeling
options have been added to SOLMINEQ.88 that can be used to study the effects
of boiling, mixing of solutions, and partitioning of gases between water, oil
and gas phases. SOLMINEQ.88 has mass-transfer capabilities that can be used
to study the effects of ion exchange, adsorption/desorption, and
dissolution/precipitation of solid phases.

This report documents the modeling capabilities of the computer code
SOLMINEQ.88. It is intended as a user'’s guide, describing the assumptions
underlying the various options and summarizing the mathematical and numerical
techniques used. The thermochemical and other data used in the computations
are tabulated. The fixed and optional data used to create the input file are
described in detail. An interactive input program, SOLINPUT, is available to
create or modify the input file. Output from several examples has been
included to illustrate various applications of this code, and for comparison
by users on other computer systems to verify that the program is functioning

correctly.

Acknowledgments

This code has been greatly improved because of suggestions and
corrections from many users including Bob Mariner, Randy Bassett, Jim Bishoff,
Sheldon Sommer, Indu Mishri, Brian Hitchon, Gordon Bird, and several
scientists at Alberta Research Council, and many students at the U.S.
Geological Training Center in Denver, Colorado.

Dan Specht, Bob Hull, Ming Ko, and Pat Dorherty have made important
contributions to the code. We are grateful for thorough reviews of this
document by our colleagues Bob Mariner, Charly Alpers, Rich Wanty and Art
White. Special thanks are due Jackie Hamilton for the many typings of this
bulky report.



Table 1.

a
a
a,b,c,W,4

a.
1

81:89,83,8,,

elw’Q

Glossary of Symbols Used in Text

Sum of the Goldschmidt radii
Stands for anion when used as a subscript
Temperature-independent constants in eqn. 48

Activity of species i

Constants used in eqn. 55

Activity of species i at equilibrium

Ion size parameter of speciés i

Fitted pressure constants see appendix 1
Meyer-Kelley heat capacity temperature fit constants.
Chemical affinity

Total area of the exchanging surface per kg of water
Debye-Hackel limiting law slope.
Adjusted Debye-H&ckel constant used in Pitzer eqn.

Ion activity product

Extended Debye-Huckel limiting law constant.

Activity coefficient deviation functions subscripts for

univalent and multivalent species.

Cation-anion interaction coefficients in pitzer eqns.

Represents a cation when used as a subscript.

Empirical constants in eqn. 47

Isobaric heat capacity

Standard state isobaric heat capacity of reaction

Cation-anion interaction coefficient in pitzer eqns.
Cation-anion interaction parameter in pitzer eqmns.

Electron charge, 1.602 x 10" coulomb
Equivalent fraction of surface sites occupied by a specific

surface complex

Standard state potential

10



Eh Oxidation potential referred to hydrogen half cell

Eaij(I),EG'ij(I) Electrostatic effect of unsymmetrical unmixing used in

Pitzer equations

F Faraday constant, 9.648 x 10* coulomb mol™!
L
F General Debye-Huckel interaction term used in Pitzer eqns.
g(x),g' (x) Fitting functions used in Pitzer equations
AG? Standard state Gibbs free energy of reaction
Acdiff Gibbs free energy difference between the actual and
equilibrium states of a mineral
AH? Standard state enthalpy of formation
AH? Standard state enthalpy of reaction
I Ionic strength
k Henry’s Law coefficient in pure water
km Henry's Law coefficient in a solution of molality m
Ki Equilibrium constant of species i
2 Refers to a liquid when used as a subscript or superscript
Number of ligands in eqns. 51 & 52
i Molality of species i
mo. Total analytical molality of component i
M Represents positively charged species as a subscript
it Total moles of substance i
N A , 23 -1
A vogadro's number, 6.022 x 10°~ mol
NS Number of sites per unit area of the mineral surface
Na’Nc Total number of the subscripted species
Number of electrons involved in redox reactions
n, j Stoichiometric coefficient of component i in species j
P Polarizability in egqn. 51
P Pressure in bars
Q Reaction quotient
R Gas constant, 1.987 cal k! mo11

11



As; Standard state entropy of reaction
SI Saturation index
t Temperature in degrees C

Temperature in degrees K

Tr Reference temperature in degrees K
v Refers to a vapor as a subscript or superscript
— |
Vi Partial molal volume of aquebus species i
v
Vi Specific volume of gas i
AV? Standard state volume of reaction
W Weight of a substance
X Derivative of the variation of ¢
X Represents negatively charged ions when used as a subscript
Yi Tolerance factor for subscripted ion
zg Charge on species 1
Y Pitzer eqn. charge sum
z Compressibility factor
o Charge fraction on surface sites
% Fitting parameter used in Pitzer equations
B Coefficient of isothermal compressibility of water

(0) (1) ,(2) : : R .
ﬂMX Pux” Pux Pitzer cation-anion interaction parameters
7 Activity coefficient of species i
T p Activity coefficient of species i from Pitzer eqns.
€ Dielectric constant of water
€, Permittivity of the vacuum, 8.854 x 10712 farad !
aij Pitzer anion-anion/cation-cation interaction parameter

-24 -1
K Boltzman constant, 3.298 x 10 cal K
v, Number of moles of ions in component i
. 3

P Density (g/cm”)

0% Charge density at mineral surface (o) or diffuse layer (d)

12



Osmotic coefficient of the subscripted electrolyte

, ) . . . i
QMM’QXX’QMM’QXX Pitzer cation-cation/anion-anion interaction coefficients

X Fugacity coefficient
P Surface potential
wijk Pitzer cation-cation-anion/anion-anion-cation interaction

parameters

13



METHOD OF COMPUTATION

The principal computations carried out by SOLMINEQ.88 are aqueous
speciation and saturation states of minerals. This program computes the
equilibrium distribution of more than 340 inorganic and organic aqueous
species of major, minor and trace elements generally present in natural
waters. The distribution of 54 organic species of acetate, oxalate, succinate
and two user-defined (additional) organic anions has been included because
organic species are important components of na#ural waters, especially those
present in sedimentary basins (Carothers and Kﬁaraka, 1978; Kharaka and
others, 1986; MacGowan and Surdam, 1987; and many others). Although the total
number of possible organic species is extremely large, the number of important
anions in any given natural system in additionTto acetate, oxalate and
succinate is generally small (Kharaka and others, 1986; MacGowan and Surdam,

1987). Consequently, two additional user-defined organic anions together with

their complexes with H" and 12 other cations usually are sufficient for
modeling purposes. A user-defined cation together, with 13 complexes with
anions, also was added to make the code of more general application.

The distribution of aqueous species for a given composition of water at
specified pH and temperature (or temperatures) is computed using the same
approach as in the original code (Kharaka and Barnes, 1973) by solving a set
of mass-action, oxidation-reduction and mass-balance equations based on the
ion-association aqueous model (Garrels and Christ, 1965; Helgeson, 1967). In
this model, the dissociation reaction for each of the aqueous complexes

(Table 2) has a corresponding mass-action equation. For example, the

dissociation reactions for CaHCO+ and caco? are

3 3
CaHCOZ T catt s HCO, , (1)
and cacoj ¥ catt 4+ coy” , (2)

for which the respective mass-action equations are:

ca™ - Tca®™ - M™ico; * Heo;

K + - , @8]
CaHCO,4 "CaHCO; * 7CaHCO}

14



meatt - Yottt - mco3' . 7003'
KCacog - N N ’ (2)
CaC0; 7Ca003

where miand 7;3re, respectively, the molality and activity coefficient of the

subscripted species and K is the dissociation constant of the subscripted
aqueous complex.
The mass-balance equations take the form:
m =22n, . m, 3
i,t 1 1377 ! (3)

where m and m, are, respectively, the analytical (or total) molality

it i3 4
of the component i, the stoichiometric coefficient of component i in species
j, and the computed molality of species j. For a system of i components and j
species, i mass-balance and j-i mass-action equations can be written. With
the additional constraints of specified pH and temperature, an iterative
technique (see below) can be used to solve, simultaneously, the system of
equations for the concentration of all species (Smith and Missin, 1982).

For aqueous species of Ca, for example, the mass-balance equation is

+ +nm o + ... . (4)
3 3

The mass-action and mass-balance equations are combined and rearranged after

m = Mot + Meoanco

Ca,t CaCo

the activity coefficients have been computed (see below) to give the value of

m, t++ from the following:
mCa,t
m, ++ = , (5)
Ca 1 + -yca++ . Q
S - M, == . Vhn""
"Heoy * THCO] cog coy
where Q = + +
Keanco? * Ycancot Rcaco? - Ycaco?
3 3 3 3
mCaHCO§ and mCaCOg are then computed from equations (1) and (2),
respectively, after substituting the computed m, ++.

15



Table 2. --

Dissociation reactions for aqueous complexes and sources

of thermochemical data (see references at end of Table 3)

ID # and Name Reaction
- - + -
1 HCo, HCO, H' + co,
0 0 -
2 H,0 H,0 2 H'+ oH
3 . V] 0o - + .~
H,S10, H,510, ¢ H' + H,Si0,
4 Cu++ Cu++ + Fe++ it Cu+ + Fe+3
1 1 - 1 - 9
5 Fe*3 Fet> + HO+ -HS” < Fe™t 4+ -s07" + -H'
2 2 8 8 4 8
6 Hgt" 2Hg™ + 2rett T Hgl" 4 ore™
7 Mn+3 Mn+3 + Fe++ it Mn++ + Fe+3
- - - + - -
8 H,As0; H,AsO; © H' + HAsO,
9 ALF]" ST a1t3 4 sp
(1] V] -
10 H,S H,S 2 HY + ms
11 a1Ft Attt 2 omtd e
12 AlF; AlFZ 2 a1t ooF
1] 1] -
13 AlF, AlF, ¥ a1t3 4 oar
14 ALF, alF, a1t s uF
15 a1(on)*™ atom)y™ 2 ity ow
16 AL(0H)} AL, ¢ a1*3 4+ oom”
17 Al(0H); AL(0H), a1t3 &+ son”
+ + +3 --
18 A1(S0,) A1(S0,) m* + so;
19 A1(s0,), A1(50,), 2 oty 250,
[+] [1] -
20 AgCl agtl ¢ agt+ a
21 AgCl, agCly ¢ agh+ 201"
22 AgCly” AgCly” ¥ agh + 3c1
23 Agc1;> agcl;> * agh+ac1”
24 Ag(s0,)” Ag(s0,) < agt+ 50,
V] [+ BN + -
25 CH,COOH CH,COOH ¢ H' + CH,C00
0 [* B ++ I
26 BaCO3 BaCO3 < Ba + CO3
27 Ba(HC03)+ Ba(HCO3)+ 2 Batt 4 Hco;

16
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5b
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2c

2b
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10e
7a
2a
2a
lla
lla
lla
11la
2a
12a
7f

7f



Table 2. -- Dissociation reactions for aqueous complexes and sources

ID # and Name

28
29

30
31

32
33

34
35
36
37
38
39
40
41
42
43

44
45

46
47

48
49

50
51

52
53

54
55

Ba(oH)*
0

BaSO4

0
CaCO3

Ca(HCO3)+

ca(on)’

CaPO&

o
CaHPO4

+

CaH2P04
0

CaSOa

0
CuCl

CuCl

2
CuClé
cuct?
CuCl

CuCl

CuCl

+

Cuso

FeCl
FeCl

Q
c
7~~~
(@]
N o +pH o bW N O
N

0
FeHPO
0
HyPO,
Fe(oH) ¥
[v]
Fe(OH)2

FeOOH™
(4]
FeSO

FeCl++

of thermochemical data -- (Continued)
Reaction
Ba(oH)”™ < Ba't + oH

0 ++ -
BaSO, Ba'"' + SO,

0 -
caco, * catt + co,
Ca(HCO3)+ 2 catt + Heo
caom)yt 2 catt + on
capo, 2 catt 4 Po[;3

0
CaHPO, ¢ ca'' + HPO,

+ > ++ -
CaH, PO, ¥ Ca'’ + H,PO,
caso, catt + 50,°
cucl < cut + c1”
Cucl, 2 cut o+ 2017
cucly” * cut + 3c1”
cuclt 2 cutt + oco1”

1] -
cucl, * cutt + 201
cucly ¢ cutt + 3c1”
cucl,” 2 cutt 4 act1
cuol)t 2 cutt + on”
cuso. < cutt + so”

4 u 4
Feclt ¢ re™ 4+ c1”

0 -
FeCl, 2 re™ 4+ 201

1] - -
FeHPO, ¥ Fett + HPO,

o -+ -3
Hyp0, 30 + PO,
Fe(om)t 2 Fett 4+ ow”

0 -
Fe(OH), + Fett + 20m
FeOOH  + 30T < Fe™t 4 2H,0

4] - ++ --
Feso, © Fe'' + 50,
recitt T Fetd &+ 1”
Feclz 2 ret3 4 2017

FeCl+

17
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Table 2. --

ID # and Name

56
57
58
59

60
61

62
63
64
65
66
67
68
69
70

71
72

73
74

75
76

77

78
79

80
81
82

1]
FeCl3
FeClA
Fe(SO4)+
Fe(804)2
Fe(on)™
Fe(OH);

0
Fe(OH)3
Fe(OH)A

B(OH);

Dissociation reactions for aqueous complexes and sources
of thermochemical data -- (Continued)

Reaction

Q -
FeCl, 2 retd 4 3c1
FeCl, 2 et 4 o4cr”
Fe(SO4)+ 2 ret? s 50, ”

- - +3 -
Fe(304)2 « Fe ™ + 2504
Fe(omy*t 2 Fetd &+ oW
Fe(OH); ret3 + 200"

o -
Fe (OH), 2 ret3 4 30m
Fe(oH), ¥ Fet3 + 4oH”
- 0
B(OH), P B(OH), + OH
A1Fg3 2 a1t poer
- + .-
H,810,” & H' + H,Si0,
H.AsO. + H' + H.AsO]
3R89, + HyAs0q

.+ 4 -3

HASO, H' + Aso,
- + -3
H,As0, < 2H' + AsO,
o + -3
H3As04 « 3H + Asol‘L
] - + -
HF « H + F

[} - + -
H,0, ¢ H' + HCO,

-- =+ -3
HPO4 « H + PO4

- =t -3
,P0; ¥ 28 + PO,

HS~ ¢ H' + s

- + --
HSO, ¢ H' + SO,
HNO. * H' + NO.

3 3
HgCl+ p Hg++ cL’

1] -
HgCl, <+ Hg'@ + 2C1
HgCly; ¢ Hg'' + 3C1
HgCl,” < Hg' + 4c1

1] ++ -
HgSO, <« Hg' + SO,

18
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Table 2. -- Dissociation reactions for aqueous complexes and sources

of thermochemical data -- (Continued)

ID # and Name

0
83 HgS(H,8),
84 Hg(HS)

85 Hg
86 KCl1
87 KCO

88 KHSO
89 KSO
90 KHPO
91 LiOH®
92 LiSO]
93 MgCO
94 MgHCO,

95 MgF
96 MgoH'

0
97 MgSo

98 MgPO
99 MgHPO
100 MgH

101 Mnc1”t
102 MnCl

103 MnCl
104 MnCl
105 Manog
106 MnSO

107 MnCl
108 MnHPO

109 MnoH'

110 NaCl'

Reaction

+

0 ++
HgS(H,S), + H

- 0 -
© Hg + 2H,S + HS

Hg(HS); ¢ Hg'" + 3HS”
0
Hg + 2Fe+3 2 Hg+2 + 2Fett

o -
kK¢l < xt+ a1

KCo, 2kt s coy”

0 -
KHSO, ¢ k' + Hso
XSO, 2 ks 50, "

- - + -
KHPO, ¥ K' + HPO,
Lion. < rit+ oW
Liso, 2 it s 50,°

0 - ++ --
MgCO3 « Mg+ CO3
MgHco; ¥ Mg’ + HCO,
Mgt ¢ Mgttt + F
Mgont ¢ Mg*t + ow’

0 = ++ - -
Mgso, * Mg'' + so,

N -3
MgPO4 +~ Mg + PO4

0 -
MgHPO, * Mg'' + HPO,

+ - ++ -
Mg PO, <« Mg'' + H,PO,
Mnclt < Mottt + c1”

0 -
MnCl, Mot + 201
MnCl; © o't o+ 3c1”
Mncl;” ¥ Mot + 4c1”
Manog < Mntt o+ HCO,

0 --
MnSO, < mntt + so
Mncl*t 2 PP+ a1

0 -
MnHPO, < mntt + HPO

References

23c
17c

23d
7a, lla
31f

15¢
7a
7a
25c¢
25
264
264

7a
9a
15, 27b

7a
7a
7a

28d
28d

28d
28d
294
25d

15a
52¢

9c¢

30a



Table 2. -- Dissociation reactions for aqueous complexes and sources

of thermochemical data -- (Continued)
ID # and Name Reaction References
- - + .-
111 NaCo, NaGo, ¥ Na' + Co, 31c
o] (o} - + -
112 NaHCO, NaHCO, ¥ Na' + HCO, 32, 22f
o ° .2 oNat . 32, 33f
113 Na2003 Na2C03 .+ 2Na + CO3 s
o] 0 - + -
114 Nazso4 Na2804 + 2Na + SOA
- - - + - -
115 Naso, Naso, Na' + SO, | S4a
116 NaHPO, NaHPO, * Na© + HPO, ~ 35¢
117 HgoH™ Hgout ¢ mg't + o 9b
0 o 4 + -
118 NH,OH NH,OH ¥ NH, + OH 7a
0 o 4 .
119 NaHS NaHS <+« Na' + HS 46a
[¢] 0 e -
120 NaF NaF +« Na' + F 57¢
121 pbcl? pbc1t ¢ T+ c1” 36a
0 (4] -
122 Pbcl, PbC1, T ot 4+ 201 36a
123 PbCl, Pbcl; bt + 3c1” 36a
124 PbC1;~ Pbc1,” ¥ bt + 4c1” 36a
[4] 0 - ++ -
125 PbSO, PbsO, < Pb'T + SO, 15
0 o . -
126 Zn(CH,C00), Zn(CH,000), ¥ zntt + 2CH,C00 18c, 38a
127 SroH' sront ¢ st 4+ ow” 9b
0 (o] -
128 Srco, srco, srtt 4+ coy 40c
129 SrHco‘; Srﬂco’; 2 osrtt 4 HCO, 40c
] o o ++ --
130 5rS0, srso, ¢ s’ + SO, 7a
131 znc1t znclt € zn™t + c1” 41a
° o 5 ++ -
132 znCl, 2nCl, ¥ zn'" + 21 41a
133 2nCl; ZnCl; * zntt + 3c1” 41a
134 znCl,” ZnCl, " 2 zntt o+ 4ol 41a
135 ° ° 2 gttt .
ZnS0,, Zns0, ¥ zn'’ + SO, 424
136 Aso["3 Aso;3 + 4t 4 oFe™t O HyASO; + 2Fe’3 + H,0 7a
0 (4] -
137 Hg(OH), Hg(OH), + Hg'' + 20H 9b
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Table 2. -- Dissociation reactions for aqueous complexes and sources

of thermochemical data -- (Continued)

ID # and Name

138
139

140

141
142

143

144

145

146
147

148
149

150
151
152

153
154

155
156
157
158
159
160
161
162
163

164

Fe++ to Fe+3

Cu+ to Cu++

Hg;+ to Hg++

Mn++ to Mn+
+4

vt to Uo;

+ ++
UO2 to UO2

vt to vott

3

++

AY/¢] to VOZL3

CaCl+
0
CaCl2
vou™3
U(OH);+

U(OH);

[o]
U(OH),

U(OH);

UF+3

+

==
o
+ N+

(=] (=]
ry i
AN oW

(o]
&l

ve1t3

++
U(HPO,)

0
U(HPO,),
U(HPO,)
-4
4

++
U(SO4)

U(HPO,)

Reaction

Fe+3 + e

++ -
Cu + e

T4t

++ -
+ 2e

T4

2Hg

T w4 e

2H.0 < vol +4nt + e

e
+
2 2
- -
+ UO2 + e

++

v + HO « VO  +2H + e

vo'l 4+ 2H,0 « VO

cacit
CaCl

UOH
U(OH),

U(OH)3

[o]
U(OH), + it T v

U(OH);

(=

v
+
w

(=] (=] [
+ry rr v
~ ogn4-h>¢

(o]
1y

(o]
&
RS

ve1t3

U(HPO

U(HPO

U (HPO

U(SOA)

4

V]
)2
U(Hpoa);' + 3H « U + 3H,PO

4
8 2

-3
2 4

Ca + C1°
Ca  + 2C1°

+ 6HY + e

U "+ OH
U + 20H

T4

4

+ 3H U " + 3H,0

o uHo0

+ > 4

+ 5H U " + 5H,0

e F
vt 4 o2F”

vt 4 aF

AR

vt & sF

2 U™ 4 eF
< u™ s o

yhhoe ot HPO, -

1

4t

t4

1t

4

vt 4 2HPO, -

+ =+ 44

T4

N

+

+ a0t 2 U™ 4 an PO

P ]

o2 gty 50, ~

21

References
6b
5b
Jc

7c
43b

43b
44b, 2b
44ec, 45¢

46a
79a

5b, 43b
5b, 43b

5b, 43b
5b, 43b
47a

5b, 43b
5b, 43b

5b, 43b
5b, 43b
5b, 43b
5b, 43b
5b, 43b
2b, 43b
2b, 43b
2b, 43b
2b, 43b

5b, 43b



Table 2. -- Dissociation reactions for aqueous complexes and sources

ID # and Name

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

190

of thermochemical data -- (Continued)
eaction
1] -5 +4 --
U(so,), + U + 250,

[
U(s0,),

+9
U6(0H)15
(V0,) (OH)™*

o]
(U0,) (OH)

++
(UO0,), (OH),

(U0,) 5 (OH) ¢
(V0,) 4 (OH)
0
U0, (S0,,)
U0, (50,),

+
U02F

U02F

N O

uo,F

N
J-\lwl

Uo,F

2

U0201

U02H3810

UOZ(HP04)0
Uoz(HPoa)é‘
Uo,, (H,P 4)+
U0, (H,P 4)

U0, (H,P0,) 5

4]

U0, (CO,)
U0, (C0,)
-4

U0, (C04) 5

+9 +
U6(0H)15 + 12H

++

(U02)(0H)+ < voy" + loH

(wo,) (0w, < volt + 208
(V0,),(0H);" ¥ 2u0;" + 2087
(U0,),(0W);  + SH' ¥ 300, + 5H,0
(V0,)5(OW); .+ 7H' & 3U0," + 7H,0
Uoz(soa)o U0;+ + so;'
0,(s0,),” ¥ U 0y + 250,

U02F+ < voyt 4+ F

U02F; pd UOZ+ + 2F

UO,Fy U0;+ + 3F°

Uo,F,T U0;+ + 4F°

U0201 2 UOZ+ + c1°

U02H3310 + HY ¢ o, + H,S10,
UOZ(HPoa) pe U0;+ + HPo;‘

U0, (HPO,),” < UO ;* + 2HPO, "

UO, (H, P 4)+ P U0;+ + HPO,” + H
Uo, (H Poa)2 < vo ;* + 2HPO + 26"
VO, (H,P 4) < uoy’ + 3HPO,” + 3H'
U02(Co3) P UO;+ + €0y
U0,(c0y);" * U0;+ + 2003"
U0,(C0y) ;% * voy* + 3c0;”

Hvo,~ ¢ vo;3 + H

szog - vo; + 2H

H3VOZ pd vo;3 + 3u"

22

2 6ut* + 308" + 120

References

5b, 43b
5b, 48b
Sb, 43b
5b, 43b
5b, 43b
5b, 43b
5b, 43b
43b
5¢, 45¢
5b, 43b
5b, 43b
5b, 43b
S5b, 43b
5b, 43b
5¢, 45¢
2b, 43b
2b, 43b
2b, 43b
2b, 43b
2b, 43b
5b, 43b
5b, 43b
5b, 43b
43¢
43c

43¢



Table 2. --

Dissociation reactions for aqueous complexes and sources

of thermochemical data -- (Continued)

ID # and Name

191
192
193
194

195
196

197

198
199

200
201
202

203
204
205
206

207 v

208
209
210
211
212
213
214
215
216

217

+
H,VO,
NaHVOA

o]

V02F

V02F2

veom)tt
V(OH);

o
V(OH)3

voon"
0
v0S0

4
vocit

vort

0

VOF2

+
U020H3COO

0
U0, (CH,C00),,

+
UO2

_—
+3

vott

A1CH3coo++

BaCH3COO+

CaCH3COO+

0
CuCH3COO

FeCH3COO+

0
Fe(CH3COO)2

o
KCH3COO

MgCH3COO+

0
NaCH3C00

Reaction
nvot 2 vod 4+ amt
4"9% 4
NaHVO, T Nat + vo;3 + ut
vo.F © vof + ¥
2 2
- = + -
VOF, + VO, + 2F
viom™ T v+ ow”
V(OH); v v 40w
0 -
v(oH), * vt 4+ 30w
voou? < vott + ow”
] - ++ -
voso, ¥ vo't + so,
voctt ¢ vott + c1”
vort < vo't+ F
4] -
VOF, 2 vott 1+ oF
+ - ++ -
U0,CH,C00" & U0, + CH,C00
0., (CH.C00). = uott + 2CH,C00"
0,(CH4C00), « UO, + 2CH4
Uo; + Fet 2 UOZ+ + Fe't
vt + Fe™ 4 2H,0 pl Uo; + Fe't 4 4wt
v+ ret 4 H,0 ¢ Vo't 4+ Fe't 4 2w’
vort + Fetd 4 3H,0 Pl vo;3 + Fett + 6H
Ach3coo++ 2 oat CH,C00"
BaCH3COO+ < Batt o+ CH,C00”
CaCH3COO+ < catt o+ CH,C00~
0 -
CuCH,C00 ¢ cut + CH,C00
FeCH3COO+ < Fett 4 CH,C00"
1] -
Fe (CH,C00),, T rett s 2GH,C00

o -
KCH3COO <« K +

MgCH.,co0"

f

=
Q09

+

3

o
NaCH3COO

f
2
[
+

23

CH3COO

CH3COO

CH3COO

+

References

43c

2g
15g
15g

43g
43g

43g

43g
2g

71lc
43b, 44b
43b, 44b
2b, 44b
44c, 45¢
49
49c
50c
49c
5la
5la
52c, 53c
50c

52¢, 53¢



Table 2. -- Dissociation reactions for aqueous complexes and

of thermochemical data -- (Continued)

ID # and Name

218 PbCH3COO+

(0
219 Pb(CH3C00)2
220 Pb(CH3COO)3

221 SrCH3coo+

222 ZnCH3COO+

223 HC204

o
224 H2C20a

+
225 A10204

226 A1(0204)2
o

227 BaC,0

2
228 CaC,0

N
S+ o o

229 FeC2

230 FeC20

231 KCZOQ

232 MgC

(6]

0
29,
0
233 MnC,0,
234 Mn(C,0,);
-4
235 Mn(C,0,);

236 Mn020+

237 NaC,0

N

238 PbC,0

N
oM o 1

239 SrCZOa

0
240 anZOa

241 H(CAHAOA)
°
242 HZ(CAHAOQ)

+
243 AlCaﬂaoa

Reaction

S

PbCH3COO+ 2 Pb

o
Pb(CH3COO)2

+ CH3C00

i

+ 2cu3coo'

+ 3CH3coo'

Pb

t4

i

- -
Pb(CH,C00); +« Pb

+4

srcH,coot Sr

3

ZnCH3COO+

- - + - -
choa « H + 0204

0o 4 + -
HZCZOQ «~ 2H + 0204
- +3

+ --
A1C204 « Al T+ CZO&

AL(C +3

+ CH3COO

Tt

T4

Zn @+ cuscoo'

- - -

,0,); < A" + 20,0
0

BaC,0 2 att + co0

2

4
0
cac,0, 2 catt + co0

3]
PN~ Y - ]

o ++

, © Fe +Cy0
+ - +3 --
P Fe = + 0204

FeC,0

2
Fe020
Kc.o, < k' + c.0”

2%, © 274

MgC,0, Mg + C,0,”
MnC2OZ 2 't C,0,”
Mn(G,0,)," * Mot o+ 2€,0,°
04)54 < Mntt s 3¢,0,°
+3 --

+ =
MnC,0O <« Mn + 0204

2%,
NaC.0’ vat + c.0"

274 274
o ++ -

!
PbCZO4 Pb " + czoa
o ++4 -
5rC,0, « Sr  + C,0,

o ++ -
Zn0204 +« Zn + czoa

H(C,H

Mn(C2

4

t4

- = + -~
007 ¢ H + om0,
H.(C,H,0) < 28 + CHO "

2(C,H,0,) + CH0,
+3

+ --
A104H40h +~ Al + Caﬂaoa

24

References

18c, 52c
18¢c, 52c¢
18¢c, 52c
50c
18c, 38a
49¢c, 52c
49¢c, 52c¢
49c, 59c
49c, 59c
25¢c. 49c
25¢c, 49c
25¢, 49c
25c, 49c
25¢c, 49c
25¢c, 49c¢
49c, 52c¢
49¢c, 52c
49c, 52c
49¢, 52c
25¢, 49c
25€, 49f
25¢, 49c
49¢c, 52¢
49c
49c

49f, 59f



Table 2. -- Dissociation reactions for aqueous complexes and sources
of thermochemical data -- (Continued)

ID # and Name

244 A1(04H404)2
0

245 BaC4H404

0
246 CaCaHQOA

0
247 FeCaHQO4

<+
248 FeC4H404

249 KC4H404

(1]

250 MgC,H,0,
]

251 MnC,H,0,

252 NaCaHaoa

0
253 PbC4H404

0
254 SrCl}Hl‘O4

0
255 ZnC,H,0,
256 FeF' '

257 SiF6

1]
258 Pb(HS)2
259 Pb(HS)é

0
260 PbCO3

261 PboH'

0
262 Zn(HS),
263 Zn(HS),
264 Znnco§
265 ZnOH'

0
266 Zn(OH),

267 Zn(HS)(OH)0

Reaction

- > +3 -
JH,0,), « Al + 2010,
BaC H,0. < Ba*t + CH,0 "

S AVATAEEEE IATAIA
-

0
CaC H,0, < ca't 4

Al(C

4849, CuH,9,
0 - ++ -
FeC,H,0, + Fe''+ Cm0;

+ - +3 --
FeCaHAO4 + Fe + C4H404
+

KC,H 0, < K+ CH,0,"

4"4° 4"4°
Mg HO. < Mgttt 4+ coH O
gl 0, « Mg + CHO,
0 - ++ - -
MnCaHAOA < Mn + CAHao4
- + -
NaCaHaoa < Na + CQHAOA
[b] - +4 --
PbC,H,0, < Pb'' + C,H,0,

SrC,H O, < s+ cHO
rC,8,0, « Sr + CH,0,
++

o -
ZnCAHQO4 « Zn + CAHAOA
FeFtt 2 w4 ¥

. .- = -+ . o -
81F6 + 40H - H45104 + 6F

0 -
Pb(HS), 2 pptt 4 2us

++

Pb(HS); 2 PbT 4 3HST

0 -
PbCO, < co,
pbot ¢ pp*t 4+ oW

o -
Zn(HS), 2 zn™ 4+ 2us

-+

Zn(HS) 2 zn™ + 3HS”

zonHco! 2 zn*t 4 HCO,

3
znodt ¢ zn*t 4+ ow’

0 -
Zn(OH), < zn'' + 20H

++

0 - -
Zn(HS)(OH) < 2Zn' ' + HS + OH

25

References

49f, 59f
25¢c, 49c
25¢c, 49c
25f, 49f
25¢c, 49c
25¢c, 49c
25¢, 49c
25c, 49c
25¢c, 49c
25c, 49c
25c, 49c
25¢c, 49c

57c
58c

2a, 55a, 56a
2a, 55a
56a, 57a

52a, 56a
46a, 55a, 56a

46a, 55a
46a

46a
9a, 46a

46a



Oxidation-Reduction Reactions

Oxidation-reduction reactions are used in conjunction with mass-action
reactions and mass-balance expressions to compute the distribution of the
multivalent elements Fe, Cu, Hg, Mn, U, and V where the Eh of the solution is

known. The reaction for iron is

Fett T Rl ie (3)
- . ++ +3
where e represents an electron. The concentrations of Fe and Fe are
related by
. RT mFe+3 . 7Fe+3
Eh =E°+ — 1n , (6)
nF mFe++ . 7Fe++

where Eh is the oxidation potential referred to the hydrogen half cell, E® is
the standard state potential of the reaction, n is the number of electrons

involved in the reaction, F is the Faraday constant and R is the gas constant.

Values of Efat temperatures from 0° to 350 °C, are calculated from equation

AG)

E° = ) (7
nF

where the Gibbs standard state free energies for the oxidation-reduction
reactions (AGg) are tabulated in the data files of the program (see below).

SOLMINEQ.88 will compute the Eh of a water sample at the desired
temperature, if necessary, from the Emf of the Eh cell including the Calomel
reference electrode (EHMC) or from the Emf of the Eh cell calibrated using
Zobell's solution (EMFZSC). For a more detailed discussion of the theory of
Eh, its field measurement and reduction, see Barnes and Back (1964), Barnes
and Clarke (1969), Garrels and Christ (1965), and Thorstensen (1984).

Computations based on measured Eh have been kept to a minimum in
SOLMINEQ.88 because of uncertainties in the measurement and interpretation of
oxidation potentials (Barnes and Clarke, 1969; Wolery, 1983; Nordstrom and
Munoz, 1985). However, the program can compute the distribution of species

for elements with multiple redox states by assuming redox equilibrium between

the species HS and SOL-. Kharaka and others (1980) have shown that oil field

waters are strongly reducing (Eh < -200 mV) and that the sulfide-sulfate redox
reaction

26



HS™ + 4H,0 d S0, + 9t + 8¢~ (4)

is probably the best of the possible redox couples for computing the Eh of
these waters. However, in other natural systems alternative redox couples may
be better indicators of the redox state of water (Freeze and Cherry, 1979;
Kharaka and others, 1980; Nordstrom and Munoz, 1985).

The distribution of Fe species in SOLMINEQ.88 can be computed by

combining HS'/SOL-, and Fe+3/Fe++ couples (Reactions 3 and 4) to give the

reaction

+3 4H,0 + HS ¢ gretts 50, + ot . (5)

The distribution of species for the other multivalent elements can be computed

8Fe

by combining them with the Fe+3/Fe++ couple in reactions that eliminate the
electron. In the case of Cu, for example, the reaction is

Fet3 4+ cut 2 Fe™ 4ttt . (6)

It must be emphasized in this section that the above computations assume a
state of thermodynamic equilibrium that may not be applicable to many or all
of the redox couples. For a detailed discussion of the real meaning of Eh,
the related parameter pe and the numerous pitfalls and inconsistencies in
their measurements and interpretations, the reader is referred to Barnes and
Clarke (1969), Wolery (1983) and Thorstenson, (1984).

Speciation at Subsurface Conditions

The chemical compositions of subsurface water samples collected at the
land surface may not correspond to their in-situ compositions. Volatile gases

such as C02, HZS’ and NH3 may exsolve due to a pressure decrease. Loss of

these gases may drastically change (by up to 3 pH units) the pH of the
remaining fluids. Changes in temperature and pressure alone will result in pH
changes due to variations in the stabilities of hydrogen-bearing aqueous
species. Changes in pH, temperature, and pressure may result in precipitation

of solid phases such as calcium carbonate and amorphous silica, among others

Increases in the Eh of waters containing Fe'™ usually result in the
precipitation of amorphous iron hydroxides and coprecipitation of trace
metals.

The in situ water chemistry may be calculated for water-dominated

geothermal and oil field systems where the amount and composition of gases

27
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lost prior to water sampling are known. The main problem in these
computations has been the estimation of an in situ pH which is critical to
these computations. Two different approaches have been used (see Modeling
Options) to compute the in-situ pH: (1) assuming equilibrium at subsurface
conditions with a mineral (Merino, 1979) known to be present in the aquifer
(calcite is generally selected), or (2) assuTing mass balance for hydronium at
surface and subsurface conditions (Truesdell
others, 1985).

SOLMINEQ. 88 has optioﬁs to compute the subsurface pH and resulting

,and Singer, 1974; Kharaka and

speciation and saturation states using either approach. The distribution of

species in the mass-balance approach is carried out at surface conditions

using the measured pH. The total hydrogen (mH £ T ) and hydroxyl (mOH £ T )
!’1 !’1
are then computed at the surface conditions from the equations
m = m, .+ m _+ 2m +m _+ 2m o+ m ot o (8)
H,t,T1 H HCO3 HZCO3 HS HZS CH3COOH
m = m _+ m Lt m Lt m o+2m o + ... .
OH,t,T1 OH Ca(OH) Mg (OH) NHQOH Fe(OH)2
For samples where known quantities of 002, st, and NH3 are lost prior to

surface pH measurement, equations (8) and (9) are modified to include the lost
, 2 , and ,
3" THYS "NH,, OH

respectively, in the computed value of mH,t,Tzand mOH,t,Tz (see Modeling

gases. C02, HZS’ and NH3 are included as 2mH2CO

Options).
The distribution of species is then computed at the subsurface
temperature assuming that the subsurface pH is equal to the measured surface

PH. The total molalities of hydrogen (mH,t,Tz) and hydroxyl (mOH,t,Tz) at

subsurface temperature (T2) are then computed. The value of the tolerance

factor (YH) for the hydronium given by:

( -m )
“‘H,t,T2 OH,t,T,
v,- 1

. , (10)
(mH,t,Tl mOH,t,Tl)

is then computed. The terms (mOH,t,Tl and mOH,t,Tz) are included in Equation

(10) to account for the changes in the hydrogen mass-balance from hydrolysis
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of water. Iterations are then carried out changing the pH by small increments

(see below) until the value of Y is < & 5x10_5 (or another user-defined
value). The final computed pH is then used to compute the distribution of

species and the states of saturation of the solution with respect to minerals.
Iteration Techniques

The distribution of cations in SOLMINEQ.88 is carried out using equations
that, throughout all computations, meet the requirement of mass-balance
(Equation 3). 1In the case of anions, however, the total (analytical) molality
of each anion is initially assigned to the primary (generally the predominant)
species of that anion to compute the molalities of the other species. This
generally results in a sum of computed molalities that after the first

iteration is higher than the analytical molality. 1In the case of sulfate, for

example, m_ .  1is initially made equal to m resulting in

SO

SOA 4

- - o -
m < m + m + + ... . (11)
50, ¢ 50, Caso, "Naso,
SOLMINEQ.88 uses a back - substitution iterative procedure (see code listing
in Appendix IV.) for the distribution of anions. Iterations are continued

until the tolerance factor for the anion (YA) defined by the ratio of the

analytical molality of the anion to the computed sum of its species and given

by
it
Y, = 1 - , (12)
p ni,j mj,i

is < % 5x10‘5. Almost all waters examined to date have met these requirements
within 10 iteration cycles. Iteration problems, however, may be encountered
especially in solutions with many ions or high pH values, incorrect or
incomplete chemical analysis, and in high salinity brines when using the
Pitzer equations to compute the activity coefficients.

The iterative algorithm for hydronium mass-balance in SOLMINEQ.88 has
been modified to utilize a polynomial interpolating technique. Initially, the
PH is adjusted (the initial adjustment is 1.0 pH unit) until either
convergence is achieved, (as defined by equation (10)), or the sign of YH is

reversed. Once the sign of YH has reversed, values of pH and YH are fit to a
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polynomial, the order of which is one less than the number of pH and YH values

(up to a maximum of 6 points). The polynomial is then used to interpolate the
valye of pH where YH "should be" zero. This value is checked to insure that

it is between the bracketing values. If it is not, a polynomial of decreased
order is re-fit to the values and a new value of pH is obtained. This is
continued until the pH is between the bracketing values. The aqueous species

are then redistributed by iteration until YA is satisfied and a new value of

YH obtained. This procedure continues until YH passes the convergence test.

This technique results in a much faster solution than the back-substitution
approach used in the original program, and allows imposition of a smaller

tolerance factor. The smaller tolerance factor avoids an erroneous

calculation of pH when one H'- or OH - bearing species is predominant in the
solution (see Morel, 1983, p. 96-97).

All of the options which modify the solution composition and can be
treated as a function of a single variable (éddition/removal of a volatile,
precipitation/dissolution of a mineral, etc.; see Modeling Options) use a
similar procedure to obtain pH convergence; the only difference is the
function for Y and the independent variable. For example, for mineral
saturation, Y is a function of the saturation index (SI) of the minerals and
it is varied as a function of the amount of material added to or removed from
the solution.

Before the polynomial interpolation is used, the sign of Y must change.
This is done by increasing or decreasing the independent variable. The choice
of step size is critical. With the exception of the pH modification
(discussed earlier), the step size is based on the difference between the
current parameters (SI's, amount in solution, etc.), and the anticipated
values of the parameter when convergence has been reached. If the first step
does not cause Y to change sign, either the step size is increased or its
direction reversed, depending on the current derivative. This process is
continued until either Y changes sign, an impossible solution is reached (for
example, negative mass of an element) or it can be demonstrated that no answer

exists.
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Saturation States of Minerals

The saturation state of a mineral in a given solution determines its
interactions with that solution. In SOLMINEQ.88, two saturation indices are
used to test for possible dissolution or precipitation of minerals. The

program computes the Gibbs free energy difference (AGdiff) between the actual

and equilibrium states of a mineral in a given subsurface water (equal to the
chemical affinity A) as well as the saturation index SI given by:

SI = 1n(Q/K) . (13)
BG4 ¢f is given by:

AGyiep = -RTInK - (-RT1nQ) = RT1n(Q/K) , (14)
where R is the gas constant, T is temperature in degrees Kelvin, Q is the
reaction quotient (equal to the ion activity product (AP)), and K is the
equilibrium constant at the specified temperature and pressure.

Mineral reactions used in SOLMINEQ.88 are for complete hydrolysis (Table
3); no incongruent reactions which require additional assumptions (e.g.,
conserving Al) are used. For anorthite, the reaction is

+ ++ +3 o

CaAl,Si 1 Ca’ + 2a1"° + 2H,Si0, . (7)

251205y *+ 8
The reaction quotient (Q) for reaction (7) is given by:

2 2

+ . a +3 . o
Ca Al aH48104

anorthite 8 !
+ .
ay aanorthite

a

Q (15)

where (a) is the activity of the subscripted species at the specified

temperature and pressure; is the activity of anorthite. With the

%anorthite
exception of minerals entered using the unknown mineral option, the activity
of all minerals is assumed to be equal to 1.0 at any temperature and pressure.

At equilibrium, Q = K and AGdiff = 0. In this case, the subsurface water

is in equilibrium with the mineral and no dissolution or precipitation should

take place. Where AGdiff < 0, anorthite cannot precipitate from that

subsurface water because of undersaturation, but anorthite probably will

dissolve if the mineral is present in the reservoir rocks. Where AG o,

diff
anorthite will not dissolve because of supersaturation, but rather will

likely precipitate if kinetic factors allow.
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Table 3. --

ID # and Name

10

11

12

13
14
15
16
17
18

19

Adularia

Akermanite

Albite
Albite, Low
Albite, High

Alunite

Amesite, 14A

Analcime

Andalusite

Andesine

Anhydrite

Annite

Anorthite
Apatite, Cl
Apatite, F
Apatite, OH
Aragonite

Augite

Azurite

Reactions for the

and sources

Kalsi, 0, +

378

Ca,MgSi

2
2C

NaAlSi3O8

NaAlSi308

NaAlSi308

KA13(804)2(0H)6 + 6H

K’ o+

Mg,Al,S10. (OH), + 100"
++

2Mg

NaAlSiZO6-

Na* + a1%3 4 2H, 510

A128105

Ca.4Na.6Al

.4CaA

C
Caso, e

207 2
++
a

+

congruent dissolution of minerals
of thermochemical data

Reaction
wit + 4H0 o kY + a1*3 4 3H sio
2 4510,

Py
-

+ 6H+ + H.O
++ . 0

+ Mg+ 2H48104

+ 4HY + 40,0 T Nat 4 INAEE 3H, 510

Nat + a1*3 4 3H,510
3 )
+ 3H481O

1t

+ 4H + 4H20
\

+ 4HY + 4H,0

+

Nat + a1t

1t

td

3a1%3 + 250

4 6H20

ti

+ 281%3 4+ H Si0° + SH.O
4°1%, 2

+
HZO + 4H + H20
0

4

0
+ H43104 + HZO

-
-~

+ 2 +3

6H 2a1

-
-~

1.45%7 6%
1251208 + .6NaA1$1308

catt + SOA_

: + =
KFe ,Al1Si Olo(OH)2 + 10H +

3 3

k' o+

CaA1281208

Cag (PO,) 1€

CaS(P04)3F

Cag (PO, ) 50
g

CaCO3

CaA128106

Ca++

Cu4(C04), (

3 3 .9
+ H43104

+ 2A1+

apett + a1t

-

0
+ + 3 4 2m si0

8H 4510,

+ Ca

scatt + 3Po;3 +Cl°

5cat + 3P0£3 + F

-3 -
4 + OH

td

1

t4

H<5Ca ' + 3p0

catt + co;

+ 8H+ e

3

+ 0
+ 2A1 + H43104 + 2H,0

2

3cutt 4+ 2€0;" + 20H"

-
-

OH)2

32

Mo o o

References

7a
5b, 61b
5b, 61b
5b, 61b
5b, 61b
5b, 6b, 62b
66a

6b, 72b

5b, 6b

2a

39b, 63b

6b, 72b
6b, 72b
7a
2b, 6b
6b, 61b

35a

6b, 72b

6b, 72b



Table 3. -- Congruent dissolution of minerals and sources

of thermochemical data -- (Continued)
ID # and Name Reaction
20 Barite Baso, < Ba'' + SO,
21 Boehmite alocony + 3wt 2 it 4 2H,0
22 Brucite Mg(OH), + Mg'' + 20H°
23 Bytownite Ca.SNa.2A11.8812.208
.8CaA1281208 + .2NaAlsi3O8
24 Galcite Ccaco, * Ca'' + €03
. - ++ --
25 Celestite SrSO4 +« Sr + SO4
. nd . 0
26 Chalcedony §i0, + 2H20 - H48104
27 Chamosite, 7A  Fe,Al,SiO (OH), + 10H' <
++ +3 A0
2Fe  + 2A1 T + H48104 + 5H20
X + >
28 Chlorite, 7A Mg AL, 51,0, (OH) 4 + 16H  «
++ +3 A0
5Mg ~ + 2A1 ~ + 3H48104 + 6H20
. X + >
29 Chlorite, 14A  Mg.Al,Si 0. (OH)g + 16H <
++ +3 0
Mg~ + 217 + 3H,510, + 6H,0
. . + ++ .0
30 Chrysotile Mg381205(OH)4 + 6H <+ 3Mg + 2H48104 + H20
. . . + - ++ .0
31 Clinoenstatite MgSlO3 + 2H + H20 « Mg + H48104
. . . . + -
32 Clinoptilolite Na2A128110024-8H20 + 8H + 8H20 -
0
Sodium Nt + 241" + 108,510,
. . . . + -
33 Clinoptilolite, K2A128110024-8H20 + 8H + 8H20 +
0
Potassium k" + 281" + 108,510,
X . . . + -
34 Clinoptilolite, CaA128110024-8H20 + 8H + 8H20 +
1]
Calcium ca™ + 281" + 10u,si0,
. . . . + >
35 Clinoptilolite, MgA12$110024-8H20 + 8H + 8H20 -
0
Magnesium Mg++ + 2A1+3 + 10H48i04
36 Corundum a1,0, + 60" T 2417 4 3H0
. 3 3 nd . 0
37 Cristobalite,a SlO2 + 2H20 - H48104
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6b, 63b
6b, 62b

6b, 61b

2a

35a

6b, 61b

5b, 6b

66a

5b, 6b

5b, 6b

6b, 61b

6b, 61b

76a

76a

76a

76a

5b, 6b

67a



Table 3. -- Congruent dissolution of minerals and sources

of thermochemical data -- (Continued)
ID # and Name Reaction References
0
38 Cristobalite,f §i0, + 2H,0 P H,8i0, 67a
. s . + - +3 .0
39 Dickite A1281205(OH)4 + 6H « 2‘1 + 2H48104 + H20 6b, 61b
40 Diopside CaMgS1,0, + tHT + 2H0 +
0
ca™ +Mg' + 2H,8i0, 6b, 61b
41 Dolomite CaMg(C0,), & ca'' + Mg" + 2c05” 5b, 6b
42 Dolomite CaMg(C0,), * ca™ + Mg + 200;°
(DSORD) 5b, 6b
. . + - ++ .0
43 Enstatite MgS].O3 + 2H + H,0 « Mg + H48104 5b, 6b
N N + =
44 Epidote CazFeA12813012(OH) + 13H" «
0
2catt + Fetd + 20113 & 3H,510, + H,0 6b, 72b
0
45 Fayalite Fe,5i0, + si° % 2Fe™ + H,Si0, 6b, 61b
46 Fluorite CaF, e catt & 2F 68a
0
47 Forsterite Mg,5i0, + 4H' ¥ 2Mg"" + H,S10, 6b, 61b
48 Gibbsite, Am AL(OH), * a3 o+ 30w 7a
49 Gibbsite AL(OH), * at3 o+ 30w 6b, 62b
50 Greenalit Fe,Si.0.(OH), + 6H" = 3Fe*™* + 2H Si0, + H,0  66a
€ €394 Y5 (V) € 47t T Mo
51 Gypsum Caso,-2H,0 ¢ cat? + so["2 + 2H,0 6b, 63b
52 Halite NaCl < Na© + cl’ 6b, 61b
. . + - +3 .0
53 Halloysite A1,S1,0,(OH), + 6H' 2%1 + 2H,810, + H,0 6b, 61b
. . + -
54 Heulandite CaA12317018-6H20 + 8H +}4H20 -
[}
ca** + 2m1™ + 71,510, 6b, 78b
55 Huntite CaMgy(CO4), « Ca'' + 3Mg' + 4005 5b, 6b
56 Hydromagnesite Mg5(003)4(OH)2-3H20 +
SMg'' + 4C0;7 + 20H™ + 3H,0 6b, 69b
57 Hydrophilite caCl, ¥ ca'' + 2017 5b, 61b
i 3 + -
58 Illite K (Mg ,cAl, Si, ;0; (OH), + 8H' + 2H,0 ¢

0
-6k + .25Mg" + 2.301%7 + 3.5H,510, 7a
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Table 3. -- Congruent dissolution of minerals and sources

ID # and Name

59

60

61
62

63

64

65

66

67

68

69

70

71

72

73

74

75

Kaolinite

Kenyaite

K-Feldspar
Kyanite

Labradorite

Larnite

Laumontite

Leucite

Lime

Magadite

Magnesio-
ferrite

Magnesite

Chloro-
magnesite

Marialite

Merwinite

Microcline

Meionite

of thermochemical data -- (Continued)

Reaction

0
AL,Si0  (OH), + 6H' oa1™3 + 2H sio, + H.0

4774

+ g
11020'5(OH)4~3H20 + H + 16.5H20 -

+ R 0
Na + 11H48104
KA1Si.0, + 4HY + 4an0 < k' + a1t

NaSi

3

. + - +3 .0
A128105 + 6H +« 2Al + H43104 + H,0
Ca ,Na ,Al, ,Si, ,0, <«

262.4%1.6°2.478
.6CaAl,Si,0 + .4NaAlSi,0p

. + - ++ .0

Ca25104 + 4H « 2Ca + H43104
. + -
CaAl,Si,0,,°4H,0 + 8H' ©
++ +3 .0
ca™ + 241" + 4n,si0,

. +

KALSi, 0, + 4H + 20,0 ©
+ +3 <’
K* + AL + 2H,5i0,
ca0 + 28t ¢ catt o+ H,0
. + -
NaSi,0,,(0H);+3H,0 + H + 9H,0 ©
+ . 0
Na' + 7H,S1i0,
MgFe,0, + 8H' < Mg’ + oFe’3 + 4H,0
g ++ - -
MgCO3 ~ Mg + CO3
MgCl, + Mg’ + 2017
. + -
(NaAlSi,0,) 5+NaCl + 12H" + 12H,0 <
- [+
sNat + 3817 £ o1 4+ 9H,510,
CajMgSi,0p + 8H' < 3ca’ + Mg
. + -
KALSi,0p + &4H + 4H0 <
+ +3 .0
K' + AL™" + 3H,5i0,
(CaAl,Si,0,),-CaCc0O, + 24H' <
2°1oVg)3°+as
++ +3 -- .0
4Ca + 6Al + CO3 + 6}148104
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0
30g 2 + 3H481O

0
+ 2H45104

References

6b, 72b

Te
6b, 72b

6b, 61b

2a

5b, 61b

5b, 61b

5b, 61b

5b, 61b

Te

7a

6b, 69b

7a

7a, 74a

5b, 61b

6b, 72b

6b, 75b



Table 3. -- Congruent dissolution of mine
of thermochemical data --

ID # and Name Reaction

e > + --
76 Mirabilite Na2804 1OH20 « 2Na + SO4 + 10H20
77 Monticellite CaMgsio, + 4H' & ca't + Mg’ + H,510
. + -
78 Mordenite, Na NaA1315012 3H20 + 4H + 5H20 «
+3 A0
Nat + a1t 4 5H,S10,
$ + -
79 Mordenite, K KA1815012'3H20 + 4H +}5H20 -
g+ a1t 4 su sio
4%,
80 Muscovite KA1381 0] O(OH)2 + IOH
kt o+ 3t 4 3545104
81 Nahcolite NaHCO, < Nat o+ HCO,
. > + -
82 Nathermite NaZCO3-H20 « 2Na + CO3 + H20
83 Natron Na,C0,+10H,0 < oNat o+ Co;” + 10H,0

84 Nepheline

4 4
. - ++ --
85 Nesquehonite MgCO3-3H20 « Mg + CO3 + 3H20
. . +
86 Nontronite, Na 33Fe2A1 33813.67010(OH)2 + 7.32H + 2.68H

0.33Na* + 2Fe’> +

87 Nomtrenite, K K gqFe Al 33515 (50,

0.33k" + 2ret3 4 0

88 Nontronite, H H'33F92A1 33 3 67 10

2ret> + 0.33a173 4

89 Nontronite, Ca 165Fe2A1 33 3 67 10

0.165ca™t + 2ret3

NaAlSio, + 4HY < Na'

+ O.33A1

als and sources

Continued)

+3

0.33a1"3

(OH), + 7.32H7 + 2.68H

+3

0
.33A1 © + 3.67H,5i0

(OH)2 + 6. 99H + 2.68H

3.67H SiO4

(OH)2 + 7.320" + 2.68H

(OH),, + 7.320" + 2.68H,0

90 Nontronite, Mg Mg.16SFe2A1 3 67 10
0.165Mg + 2ret3 4 0.33a1%3
91 Oldhamite cas + H' < ca'™* + ms”
. . -
92 Oligoclase Ca Na 8A11 2812.808 +
2CaA1281208 + .8NaA131308

36

0
+ Al + H,Si0

0
+ 3.67H,Si0

o N

+ 3.67H,Si0

~

0
+ 3.67H SlO4

References

2b, 5b

5b, 6b

76a

76a

6b, 61b
5b, 71b
2b
5b, 71b
6b, 72v

6b, 72b

T4

66a

T4

66a

T

66a

T4

66a

T4

66a

7b

2a




Table 3. -- Congruent dissolution of minerals and sources

of thermochemical data -- (Continued)
ID # and Name Reaction References
. : + 2
93 Paragonite NaAl3513OlO(OH)2 + 10H «
Na® + 3a1%3 4 34,510, 6a, 75a
s . + =
94 Pargasite NaCazMg4A13516022(OH)2 + 22H «
0
Na* + 202"t + angh 4 3m™ + 6H,si0, 6b, 72b
95 Periclase Mgo + 2T ¢ Mg'T + H)0 5b, 61b
. . . . + -
96 Phillipsite Na.SK.5A131308 H20 +4H + 3H20 -
]
sNa* + skt + a1t 4 3m,sio, 7a
. . + -
97 Phlogopite, OH KMg3A1$13010(0H)2 + 10H «
]
k" + Mgt + a1 + 38,510, 6b, 72b
. + 2
98 Fluor- KMg3A1313010F2 + 8H + 2H20 +
- 0
phlogopite K"+ g™ + a1+ 28 + 38,510, 5b, 61b
99 Portlandite ca(OH), + ca'’ + 208 5b, 61b
100 Potassium K,0 + ont 2 2kt o+ H,0 5b, 61b
Oxide
. . +
101 Prehnite Ca2A12313010(OH)2 + 10H" «
V]
2ca™ + 2a1*% + 3H, 510, 6b, 72b
- ; + - +3 cn
102 Pyrophyllite A12814010(OH)2 + 6H + 4H20 +~ 2A1°7 + 41-145104 6b, 72b
. nd . 0
103 Quartz 5102 + 2H20 + H45104 70a
s as . + > 4+ +3 o
104 Sanidine, KAlS].3O8 + 4H + 4H20 « K + Al + SHQSiO4 5b, 61b
High
: . + -
105 Saponite, Na Na.33Mg3A1.33813.67010(0}1)2 + 7.32H + 2.68H20 -
0
0.33Na% + Mgt + 0.33a1%3 & 3.67H,5i0, 66a
% . + -
106 Saponite, K K.33Mg3A1.33513.67010(OH)2 + 7.32H + 2.68H20 -
]
0.335K" + g™ + 0.33a1"> + 3.67n, 510, 66a
. N + -+
107 Saponite, H H.33Mg3A1.33813.67010(0}1)2 + 6.99H + 2.68H20 «
0
g™ + 0.3341" + 3,671,510, 66a

37



Table 3. -- Congruent dissolution of minerals and sources

References
=
-

66a

-
-

66a

72a, 77a

70a

Ta

6b, 72b

of thermochemical data -- (Continued)
ID # and Name Reaction
; . +
108 Saponite, Ca Ca.165Mg3A1.33813.67010(0H)2 + 7.32H + 2.68H
0
0.165ca™* + 3Mg™ + 0.33a1%> + 3.67H, 510
. +
109 Saponite, Mg Mgy 1g5Al 33515 7019(0H), + 7.32H + 2.68H
‘ 0
0.165Mg™ + 3Mg™ + ﬁ.33Al+3 + 3.67H,510,
s T e 3 -’
110 Sepiolite Mg4816015(0H)2-6H20 + 8H + H20 +
avg*t + 6H,S10,
& 4>
3 -’ .0
111 Silica, 5102 + 2H20 - H48104
Amorphous
21 . - .0
112 Silica Gel SlO2 + 2H20 « H48104
+ - +3 .0
113 Sillimanite A12Si0S + 6H +~ 2A1 + H48104 + H,O
. + e
114 Smectite, Ca Ca.167A12.33813.67010(0H)2 + 7.32H + 2.68H20

3

167¢a’t + 2.33a17° 4+ 3.67H,510

115 Smectite, K K.33A12.33813.67010(0H)2

o
33kt + 2.33a173 4 3.67H,510

4

116 Smectite, Mg Mg.167A12.33Si3.67010(0H)2

1]
16mMgtt + 2.33a1%3 4 3.67H, 510

4

117 Smectite, Na Na.33A12.33Si3.6701

33NaT + 2.33a173 4 3.67H43100

4
. . + - +
118 Sodium Monoxide Na,0 + 2H +« 2Na + H,O0

2 2

119 Spinel Mgal,0, + 8H' ¥ g™+ om™ 4 unm

120 Stilbite CaAl,S1,0; o+ TH0 + 8H' + 31,0 ¢
ca™ + 2a1™3 4 7H48102

121 Strengite FeP0, » 2H,0 2 retd s Po;3 + 2H,0

122 Strontianite srco, * sttt + co3”

123 Sylvite kel < kY + o1’

124 Talc MgySi,00(0H), + 6H' + 4H0 <
gt o+ 4H48102 |

38

+ 7.32H + 2.68H.0

7a

7a

+ 7.320F + 2.68H,0 P

7a

+ -
0(OH)2 + 7.32H + 2.68H20 +

7a
5b, 61b

S5b, 61b

6b, 78b
7a
40a

6a, 6la

6a, 72b, 75b



Table 3. -- Congruent dissolution of minerals and sources
of thermochemical data -- (Continued)
ID # and Name Reaction
125 Thenardite Na,S0, + oNat + 50, ~
. . + -
126 Tremolite Ca2M35818022(OH)2 + 14H + 8H -
o
2ca™ + smg™ + 8H Si0
44
127 Trona Na,CO,NaHCO,+2H,0 3Na* + co.” + HCO
P - ++ -3
128 Vivianite Fe3(P04)2-8H20 « 3Fe + 2P0 + 8H20
. + +
129 Wairakite CaA12514012-2H20 + 8H + 2H20 +
++ +3 0
Ca + 2A1 + 4H48104
130 Witherite BaCO, Ba't 4+ coy”
0
131 Wollastonite Casi0, + ot 4 H,0 ¥ catt + H,S10,
PR + -
132 Zoisite Ca2A13Si3012(0H) + 13H «
++ +3 °
2Ca + 3Al + 31—148104 + Hzo
133 Silver ag + Fet3 2 agt 4+ Fett
134 Cerargyrite AgCl P Ag+ + Cl°
135 Acanthite Ag,S + H' T 2agh + ms”
136 Copper, Native Cu + Fe+3 2 cut + Fett
137 Malachite Cu,CO4(OH), + 20u’™" + coy” + 20H
138 Tenorite cuo + 287 ¢ cutt o+ H,0
139 Cuprite Cu0 + 20" ¥ 20u’ + HyO
140 Covellite cus + H' ¢ cutt+ ms”
141 Chalcocite Cu§ + H ¥ 2cu’ 4 mS
142 Chalcopyrite CuFeS2 + 20t ¥ cutt 4 et 4 2ms”
143 Bornite CusFeS4 + 4H+ ACu+ + Cu++ + Fe++
144 Lawrencite FeCl2 ¢ Fe++ + 201
145 Molysite FeCl3 - Fe+3 + 3Cl°
146 Siderite FecO, + Fe't + co;”
147 Ferrous Oxide FeO + 2H+ s Fe++ + HZO
148 Hematite Fe,0, + 6H' ¥ 2re*> 4 3H,0

39

+ 4HS

References

5b, 61b

6b, 72b
6b, 71b

7a

6b, 72b
6b, 61b

6b, 72b

6b, 72b

5b, 61b
1la
5b, 61b

6b, 61b
6b, 61b
5b, 6b

6b, 61b
6b, 61b

65a
5b, 6b
7b
7b
5b, 6b
5b, 6b

5b, 6b



Table 3. --

of thermochemical data -- (Continued)
ID # and Name Reaction
149 Maghemite Fe,0, + 6H' * 2re*> + 31,0
150 Magnetite Fe,0, + st 2 2re™d 4+ rett 4 4H,0
151 Fe(OH) Fe(OH), + Fet3 + 308"
152 Goethite FeoOH + 3u" = Fet3 4 2H,0
153 Pyrrotite FeS + H' +« Fe'  + HS
154 Troilite Fes + H' < rFett + HS™|
155 Pyrite Fes, + H,0 P
Fett + 1.75Hs™ + 0.2550,” + 0.25H"
156 Greigite Fe,s, + 4H" & 2re’ 4 Fe' 4 4ns
157 Mercury (L) Hg + 2Fe+3 P Hg++ + 2rett
158 Mercurous HgCl, « Hg'@ + 201
Chloride
159 Calomel Hg,Cl, + Hg, + 2C1°
160 Montroydite HgOo + ot ¢ Hg++ + H20
161 Cinnabar Hgs + HY ¢ mg't+ wms’
162 Cinnabar, Meta- Hgs + H' < Hg'' + HS~
163 Scacchite MnCl, 2 mn't o+ 2017
164 Rhodochrosite MnCO,, 2 mntt o+ 00;'
165 Manganosite M0 + 287 ¥ un™t 4 H20
166 Pyrolusite Moo, + Mot o+t T 2ma™ o+ 20
167 Alabandite MnS + H+ pd Mn++ + HS-
168 Cotummite PbCl, + Tt o+ 201
169 Cerussite PbCO3 2 o+ co;‘
170 Litharge o + 207 ¢ 't o4 H,0
171 Massicot pbo + 260t < Pttt o+ H,0
172 Galena pbs + H' < ™t + HS
173 Anglesite PbsO, + bt o+ 50, "
174 Smithsonite ZnCO3 pd Zn++ + COS-

Congruent dissolution of minerals and sources
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References

7a
5b, 6b

7a
5b, 6b

6b, 72b
5b, 6b

5b, 6b
7a

2b, 5b
7a

7a
6b, 61b

6b, 61b
6b, 61b
5b, 61b

5b, 61b
5b, 6b
5b, 6b

5b, 61b
5b, 61b

5b, 6b
72a
5b, 61b

46a
6b, 63a

46a



Table 3. -- Congruent dissolution of minerals and sources

of thermochemical data -- (Continued)
ID # and Name Reaction References
175 Zincite zn0 + 20t T zntt 4 H,0 46a
176 Sphalerite ZnS + H' < zn'' + HS 46a
177 Zincosite ZnS0,, T ozttt o+ SOA- 5b, 61b
178 Rutherfordine  U0,C0, P Uo”zr+ + 003° 6b, 44b, 61lb
s + -
179 Uramphite (NHA)Z(UOZ)Z(POA)Z + 2H «
2NHZ ¥ 2U0’2'+ + 2HPO, - 2b, 45b, 61b
180 Przhevalskite  Pb(U0,),(P0,), + ot ¢
pptt 4 2uo;+ + 2HPO,~ 5b, 7b, 44b
. + o
181 Torbernite Cu(UOz)z(P04)2 + 2H «
cutt &+ 2U0“2L+ + 2HPO, Sb, 45b, 61b
. + o
182 Saleeite Mg(UOZ)Z(POA)Z + 2H «
Mg't o+ 200" + 2HPO, - S5b, 45b, 74b
. +
183 Autunite, Sr Sr(UOz)z(POA)2 + 2H «
sett oy 2U0’2'+ + 2HPO, Sb, 61b, 74b
184 Uranocircite Ba(UOz)z(Poa)z + ot 2
Batt + 2U0’£+ + 2HPO,~ 5b, 45b, 61b
3 + -
185 Bassetite Fe(UOz)z(P04)2 + 2H «
Fett 4 2U0‘2‘+ + 2HPO,~ 5b, 44b, 45b
186 Clarkeite U0, + ont 2 U0;+ + HYO 43b
187 Gummite vo, + opt 2 U0;+ + HYO 43b, 45b
188 U0, (OH), Uo,, (OH), i Uo;+ + 20H" Sb, 45b
189 UF,+2.5H,0 UF,-2.5H,0 * s 4R+ 2.5H,0 5b, 43b, 61b
-+ _+4 --
190 U(HPO,),*4H,0  U(HPO,),+4H,0 + U™ + 2HPO,” + 4H,0 5b, 43b, 61b
191 Ningyoite CaU(HPO,),+2H,0 + 2H <
cat™ + U™ 4 2HPO, + 2H,0 S5b, 45b, 61b
+ - ++ +
192 U,0, U,0p + 4H ¥ UOST 4+ 200, + 2H.0 43b, 61b
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Table 3. -- Congruent dissolution of minerals and sources

of thermochemical data -- (Continued)
ID # and Name Reaction References
193 Uraninite, vo, + 4H" ¥ s 2H,,0 43b
Amorphous
194 Uraninite vo, + sHt ¥ vt s 2H,0 43b
+ = +4 +
195 U,0, U0, + 10T & 2u™t + 2005 + SHO 43b, 61b
0
196 Coffinite usio, + 4H* ¥ vt H,S10, 44b
. - ++ --
197 Autunite, H H2(U02)2(P04)2 « 2U02 + 2HPO4 44b
Py + =
198 Autunite, Na Na2(002)2(P04)2 + 2H «
2¥at  + 2uo;+ + 2HPO,” 2b, 61b
2 + -
199 Autunite, K K2(UOZ)2(P04)2 + 2H «
2kt + ﬂm?’+ 2HPO,~ 5b, 45b, 61b
4+ =
200 Autunite Ca(UO2)2(P04)2 + 2H «
catt + 200‘2‘+ + 2HPO,” 5b, 45b, 61b
. - + ++ -3
201 Carnotite K,(U0,),(V0,), ¥ 2k" + 2u0)" + 2vo, 5b, 45b, 61b
202 Tyuyamunite ca(uo,),(vo,), * ca™t + 200t + 2vo;> 5b, 45b, 61b
. + >
203 Uranophane Ca(U02)2(H8104)2 + 6H «
V]
catt + 200‘5+ + 24,810, Sb, 45b, 61b
204 Schoepite U0, (OH) ,*H0 Uo;+ + 20H + H)0 43b, 61b
205 MgUo, MgUo, + 4H' T Mg't + voy" + 2H,0 5b, 44b, 61b
206 cavo, calo, + st ¢ catt 4 Uo‘z‘+ + 2H,0 5b, 44b, 61b
207 Bavo, BalO, + st T Ba™t 4 Uo’z’+ + 2H,0 5b, 44b, 61b
-+ -
208 UO,F, Wo,F, ¥ U0,t + 2F 5b, 44b, 61b
209 Us, Us, + 2H,0 < Uo;+ + 3HS™ + HY 5b, 44b, 61b
210 Karelianite v,0, + 6H 2 A A 3H,0 2b, 45b
211 Vanadium Tetro- V,0, + sat & ovott & 2H,0 2b, 45b
212 Vanadium Pento- V,0, + 3H,0 * 2voz;3 + eut b, 45b
-+ ++ --
213 V0SO, + 6H,0 V0S0,+6H,0 < vO'T 4 Foa + 6H,0 2b, 61b
- ++ -3
214 Pb,(VO,), Pby(V0,), + 3Pb'T + 2VO, 2b, 5b, 61b



Sources of Thermochemical Data for Reactions in Tables 2 and 3

1) Plummer and Busenberg (1982) 41) Ruaya and Seward (1986)

2) Naumov and others (1974) 42) Katayama (1976)

3) Marshall and Frank (1981) 43) Lemire and Tremaine (1980)
4) Busey and Mesmer (1977) 44) Hemingway (1982)

5) Helgeson and others (1981) 45) Langmuir (1978)

6) Helgeson (1985 Version of SUPCRT) 46) Bourcier and Barnes (1987)
7) Kharaka and Barnes (1973) 47) Tremaine and others (1981)
8) Arnorsson and others (1982) 48) Phillips (1982)

9) Baes and Mesmer (1981) 49) Martell and Smith (1977)
10) May and others (1979) 50) Nancollas (1956)

11) Seward (1976) 51) Palmer and Drummond (1988)
12) Lown and others (1970) 52) Wagman and others (1982)
13) Jacobson and Langmuir (1974) 53) Wagman and others (1976)
14) Kalyanaraman and others (1973) 54) Shanks and Bischoff (1977)
15) Smith and Martell (1976) 55) Giordano and Barnes (1981)
16) Crerar and Barnes (1976) 56) Wood and others (1987)

17) Crerar and others (1978) 57) Hogfeldt (1982)

18) Wagman and others (1968; 1969) 58) Roberson and Barnes (1978)
19) Helgeson and others (1978) 59) Bilinski and others (1986)
20) Mesmer and others (1972) 60) Daniele and others (1981)
21) Helgeson (1969) 61) Robie and others (1978)
22) Bryzgalin and Rafelski (1982) 62) Tremaine (1987)

23) Barnes and others (1967) 63) DeKock (1986)

24) Smith and others (1986) 64) Cobble and others (1982)
25) Sillen and Martell (1964) 65) Conard and others (1980)
26) Siebert and Hostetler (1977) 66) Wolery (1986)

27) Wolley and Hepler (1977) 67) Richet and others (1982)
28) Kublanovskii (1977) 68) Nordstrom and Jenne (1977)
29) Harned and Owen (1958) 69) Tanger and Helgeson (1988)
30) Seward (1981) 70) Fournier and Potter (1982)
31) Drummond (1981) 71) Vanderzee (1982)

32) Lafon (1969) 72) Tugarinov and others (1975)
33) Reardon (1975) 73) Hovey and others (1988)
34) Lafon and Truesdell (1971) 74) Zen (1972)

35) Plummer and others (1984) 75) Berman and others (1985)
36) Seward (1984) 76) Kerrisk (1983)

37) Patterson and others (1982) 77) Stoessell (1988)

38) Giordano and Drummond (1987) 78) Cho and others (1987)

39) Mgller (1988) 79) Williams-Jones and Seward (1988)

40) Busenberg and others (1984)

Letters following numerical references in Tables 2 and 3 refer to the
method of computation used to calculate the equilibrium constants as described
in the section, Equilibrium Constants.
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ACTIVITY and ACTIVITY COEFFICIENTS

The activity of all minerals is assumed to be equal to unity, with the
possible exception of the minerals entered using the unknown mineral option
(see the description of the input file). The activity of water used in many
equations is computed in SOLMINEQ.88 from the | semiempirical expression given
by Garrels and Christ (1965) as

840 = 1 - 0.017 ? m
2 i

The summation covers the molalities (mi) of all the species in solution.

1 (16)

Alternatively, a more accurate value for the activity of water can be obtained
from the Pitzer expressions (Pitzer, 1973; 1981) where
log (aHZO) = 0.007823 (= mi)¢ R (17)

where ¢ is the osmotic coefficient of the solution. Values of ¢ are
calculated by equations and parameters given by Pitzer (1973) and Pitzer
(1981). Equations (16) and (17) give approximately the same value for the
activity of water in NaCl solutions (0O - 6 molal) at temperatures of 25 °C to

200 °C; the activity of water is somewhat lower in CaCl2 than in NaCl

solutions (see Table 6.2 in Kharaka and Marinér, 1989). The activity of water
can be approximated for most natural waters using equation (16). Equation
(17), however, should be used for waters where the concentrations of divalent
cations comprise more than about 20 percent of the total cationms.

The program uses equation (16), but the user can specify equation (17) by
selecting the appropriate input switch. Values for the osmotic coefficients

of NaCl, CaCl2 and other electrolytes as a function of temperature and

molality were obtained from Staples and Nuttall (1977), Holmes and others
(1978, 1981) and Pitzer (1981).
The activities of aqueous species are computed from

ai = mi‘yi ’ (18)

where v is the activity coefficient of species i. The standard state adopted

for the aqueous species is that where the activity is equal to molality in a

hypothetical infinitely dilute solution at any pressure and temperature.
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Activity Coefficients for Neutral Species

Several methods are used by geochemists to calculate the activity
coefficients of neutral species, each give different results. The activity
coefficients of all neutral species are generally assumed equal to that of

dissolved CO2 in NaCl solutions (Helgeson, 1969). The activity coefficients

for CO, (v ) maybe calculated using:
2 002

Yo, (™ = —Z— : (19)

where k and km are the Henry's law coefficients (atm/mole) in pure water and
sodium chloride solutions of molality m at temperature T (°K). Values for km

and k are available as a function of temperature (0°-350 °C) and molality of
NaCl (0 - 6 molal) from Ellis and Golding (1963) and Drummond (1981).

SOLMINEQ. 88 has the option to compute Tco and all the other neutral species
2

(except HZS and Hasioa) using a modified expression from Drummond (1981):

3885.6 0.4445

In k.. = 21.2752 - 0.0176036T - 1.0312m - +
CcO T
2 (m-1)
255.9m  0.001606 T 2
+ 0.0012806 mT + - : (20)
T (m-1)

The activity coefficient for H,§ can be calculated from a similar

expression, also modified from Drummond (1981) which is:
2021.5 0.5705

1n kH g - 11.1255 - 0.0071704T + 0.2905T - T +
2 (m-1)
46,2m 0.001777T
- 0.0001574mT - . — . (21)
T (m-1)

In both equations (20) and (21), m is the molality of NaCl.
The expressions of Marshall (1980) and Chen and Marshall (1982) are

preferred for calculating the activity coefficient of HQSiOZ. Their activity

coefficients for HASiOZ were derived from data on the solubility of amorphous

silica as a function of temperature (0° - 350 °C), and NaCl salinity (0 - 6

molal). The expression is:

45



0/T
log (1 5yq0) = (0:00978 10280/D)y . (22)

Sodium and chloride are by far the dominant aqueous species in most
formation waters from sedimentary basins (Kharaka and others, 1985), and
equation (22) can be applied directly to these waters. However, the
concentrations of other species, especially calcium, can be high, requiring
modification of equation (22). Data in Marshall (1980) and Chen and Marshall
(1982) show that equation (22) can be generaiized to:

log (1y 5109 - (0.00489 x 10¢280/Ty o 5 5 2 | (23)

where z; and m, are the charge and molality df species (i). The summation
includes all of the species in the formatioﬁ water.
Activity Coefficients for Charged Species
In SOLMINEQ.88, the activity coefficients (y) for the charged aqueous
species are computed using B’ method (Lewis and Randall, 1961; Helgeson,
1969).
%
log v; = T a; 3711/2 +B'I (24)

"
where az is the ion size parameter, Avand Bvare the molal Debye-Huckel

coefficients (described below) at temperature T, z, is the charge of the ith

i

ion, I is the true ionic strength, and B is h deviation function. The ionic

strength (I) of a given solution is given by:

2
I1=1/2 ? n, z, . (25)

The Debye-Huckel coefficients, Avand By,are given by:

1.8248 x 10° ,1/2
Ay (T = (eTy /2 , (26)
and
50.29 x 108 ,1/2
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where p and ¢ are the density and the dielectric constant of water at

temperature T. The values of Ay and B7 in the above equations are given in

Table 4 and are from Helgeson and others (1981). The density and dielectric
constants are corrected for pressure using functions based on data in Helgeson
and Kirkham (1974).

The ag values used (Appendix IA) are mainly from Kielland (1937), with

unpublished data for U and V species from Goodwin (1982). Arbitrary a® values
of 4.0, 5.0 and 6.0 were assigned, respectively, to those monovalent, divalent
and trivalent species not reported in the literature; for U and V species,
values of 4.5, 3.5, 2.5, 5.0 and 9.0 were assigned respectively to -2, -1, +1,
+2, and +3 charged species as suggested by Goodwin (1982).

The values for the deviation function, B', used in equation (24) vary as

a function of temperature (Appendix ID) and are from Helgeson (1969). The B
values used are for NaCl solutions, a close approximation for most subsurface
waters. The presence of appreciable amounts of divalent and trivalent cations

and anions in solution with their higher degree of hydration will make the 13

obtained lower than the true values. The B’ option should not be used for
waters with ionic strengths higher than about one molal. In these cases the
Pitzer equations, as discussed in the following section, should be selected in
the input file.
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Table 4. Values of the Debye—H&ckel coefficients

Ayand B7along the vapor pressure curve of water

(Helgeson and others, 1981).

t A, B,
(°C) (kg Zmo1e"1/2) (kgl/zmo#e_lcm-l x 10%)
|
0 0.4913 0.3247
10 0.4976 0.3261
20 0.5050 0.3276
30 0.5135 0.3291
40 0.5231 0.3307
50 0.5336 0.3325
60 0.5450 0.3343
70 0.5573 0.3362
80 0.5706 0.3381
90 0.5848 0.3401
100 0.5998 0.3422
125 0.6417 0.3476
150 0.6898 0.3533
200 0.8099 0.3655
250 0.9785 0.3792
300 1.2555 0.3965
350 1.9252 0.4256
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Pitzer Equations

SOLMINEQ.88 has an option to compute the activity coefficients of the

aqueous species using Pitzer equations (Pitzer, 1981; Harvie and others,

1984). This modification was necessary because the B’ method used for
calculating the activity coefficients (Helgeson, 1969) gives results that are
much lower than the true values for solutions with salinities higher than
about one molal (Figure 1). Pitzer equations are based on an ion-interaction
or virial-coefficient model where the effects of ion association are

implicitly incorporated in stoichiometric activity coefficients calculated by

virial expansion of the Debye-H&ckel theory (Pitzer, 1973, 1981; Silvester and
Pitzer, 1978). A number of investigations (Whitfield, 1975; Harvie and Weare,
1980; Harvie and others, 1984; Gueddari and others, 1983) have shown that the
use of the Pitzer equations has resulted in accurate predictions of mineral
sequences in very concentrated brines at low temperatures.

The basic equations for the activity coefficients of positively (M) and
negatively (X) charged species in terms of second and third virial
coefficients (Pitzer, 1973; Harvie and others, 1984) are given below.

N N N
2 a c a
1n Ty = zMF + Z ma(215Ma + ZCMa) + 3z mc(2<I>Mc + Z ma'/’Mca)
a=1 c=1 a=1
N N N N
a-1 a c a
+ = 2 mm_,y +lz,] T =2 mmC , (28)
a=1 a'=a+l 2 a'’aa’™ M c=1 a=] © 2 €2
N N N
2 c a c
1n % = sz + mc(Zch + Zch) + 3z ma(2(1>Xa + 3 mc¢Xac)
c=1 a=1 c=1
Nc-l Nc Nc Na
+ 2 2 mn ,Y +|z,] £ T mmC ) (29)
=1 c'=c+l © c’'"ce’'X X c=1 a=1 c a ca

where m, and z, are the molality and charge of cation ¢ and Nc is the total

number of cations. Similar definitions apply for anions (subscript a). The

following terms are defined for use in the above equations:
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1.0 T I T [—' T

Y+ NacCl

Figure 1. -- Pitzer and Ion Pair Activity Coefficients for NaCl solutions

as a function of Ionic Strength.
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1/2 N N
I 2 1/2 c Ta
F = -a% T t In 1+ 1.2I79) ) , 5 5 mm B’
1+1.21 1.2 c=1 a=1
N1 N Naer Na
+ = = mm ,® ,+ Z ) mm & ) (30)
c=1 c'=c+tl ¢ € ce a=1 a'=a+l
_® 172
Cyx = Oux / 212yZgl , 31
Z=3Zm]z,]| , (32)
and
4 2.303
AY = A , (33)
3.0 7

where Avis the Debye-Huckel constant and I is the stoichiometric ionic

strength. The second virial coefficients (B) and (®) are given the following

ionic strength dependence:

By = A0 + B eta D + P2y | (36)
By = B e a1+ P2l (35)
®.. = 0., +0. (1) (36)

[] _ E '
45 8 iJ.(1) . (37)
The functions, g and g', are defined by the equations
() = 2(1 - (1 + e HxP (38)
2
x -X, ,.2
g'(x) = -2(1 - (1 +x + -5 Ye ) /x , (39)

where x = Ve I or 12 J;. When either cation M or anion X is univalent,

oy = 2.0. For 2 - 2, or higher valence pairs, oy = 1.4. 1In most cases ﬁ(z)

equals zero. The functions of E and E account for the

Gij(I) G'ij(I)
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electrostatic effects of unsymmetrical ummixing (Pitzer, 1981). They are only
significant in complex 1-2 and 1-3 electrolytes at high ionic strength.

A relatively large and expanding database is now available to calculate
the activities of alkali and alkaline earth metals in concentrated chloride
and sulfate solutions at temperatures of up to at least 200 °C (Pitzer, 1981;
Holmes and Mesmer, 1983; Pabalan and Pitzer, 1987; M¢ller, 1988; and many
others).

The complete set of parameters required to calculate the activities of

these species are: ﬂ(o), ﬁ(l), ﬂ(z), and Cﬁx or each cation-anion pair, gij

for each cation-cation and anion-anion pair; #ijk for each cation-cation-anion
and anion-anion-cation triplet. The interaction parameters for seven cations
and four anions were calculated from various published data and are tabulated
in the database of SOLMINEQ.88 (Appendix IG) at 25 °C intervals from 0° to 150
°C and at 50 °C intervals from 150 ° to 350 °C. The parameters are
interpolated to the specified temperature (from 0° to 350 °C) by the Lagrange
subroutine (TLUV) used to interpolate the K values (see below),

SOLMINEQ.88 has an option to compute the activity coefficients of the
seven cations and four anions using Pitzer equations. It must be emphasized
here that these equations are based on an ion interaction model that assumes
no ion associations or complexing. The distribution of species in
SOLMINEQ.88, on the other hand, is based on an ion association model. This
inconsistency is resolved by incrementing the ion activity coefficients
obtained from the Pitzer equations for these species so the final activity for
the species is equal to that computed from Pitzer equations. In the case of
Na, for example, the final value for Tyat is given by

7Na+ - mNa,t ) 7Na,P , (40)
"a*

where Na P is the activity coefficient for Na obtained from the Pitzer

equations. The activity coefficients for a large number of species and
complexes in SOLMINEQ.88 can not be computed using Pitzer’'s equations because
there are no published virial coefficients for them, especially at high

temperatures. The activity coefficients for these species (71) are calculated

using a modified (B") equation given by: ‘
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- 22 a1t/?
1 Y *
- + B'1 (41)

log v; =
l 1+ az 3711/2

* *
where B is a deviation function. The value of B used to calculate the
*
activity coefficients for univalent cations, anions, and complexes (Bu) is

obtained from:

1/2
. 1 A71
B =— (log v, .t + .
uoog Na 1+4.0x10°8 B,

) (42)
1172

R . . . : +
where Tnat s obtained for a hypothetical minor concentration of Na equal

*
to 0.01 m using Pitzer equations. The value of Bm used to calculate the

activity coefficients for multivalent cations, anions and complexes with no
virial coefficients data to calculate their activities by Pitzer equations is
obtained from:

4.0 A 11/2
1 -

n I (log 7Ca++ +

) , (43)
1+6.0x108 3711/2

where Yo tt Is again obtained using Pitzer equations for a hypothetical 0.01 m

. ++ .
concentrations of Ca . Hypothetical 0.01 concentrations of Nat and ca'’ are

used because at concentrations higher than about 0.1 m, 7 is a function of
concentration (Pitzer, 1981; Tanger and Helgeson, 1988).

Using Nat and ca™ as the "typical minor or trace" species to calculate
the activity coefficients for the majority of the dissolved species is clearl&
not thermodynamically rigorous, but is an operational approach. However,
comparison of values of activity coefficients obtained by this approach and by
Pitzer equations for a number of dissolved species shows that this approach

allows the operational B’ method (Helgeson, 1969) to be extended to about 3 to
ém solutions. Research to obtain virial coefficients for carbonate, aluminum

and other important species is clearly needed.

53



EQUILIBRIUM CONSTANTS

The equilibrium constants (K) for the dissociation of aqueous complexes
(Table 2) and congruent dissolution of minerals (Table 3) are the most
important part of the database in geochemical codes such as SOLMINEQ.88.
Examples of dissociation reactions (Reactions 1 and 2) and the corresponding
equations (1 and 2) are given in an earlier section; the corresponding

equation for the dissolution of anorthite reaction (7) is:

- -2 -2
agtt . aA1+3 . aHASiOZ |

an a -8 | (44)
an H ‘

where ;i is the activity of the ith species at equilibrium. The equilibrium

constants for the reactions shown in Tables 2 and 3 are in a data file labeled
DATA.TBL. The K(T) values reported (Appendik IB and IC) at intervals of 25 °C
from 0-150 °C and at intervals of 50 °C from 150°-350 °C were computed
assuming a total pressure equal to the vapor pressure of water. (The
correction for pressure is described in a following section.)

The equilibrium constants were obtained from references listed in Table 2
and by the methods described below, which are listed in decreasing order of
reliability. The uncertainties in the computed equilibrium constants are
generally higher for the aqueous species esp?cially at temperatures higher
than about 150 °C because their heat capacities can not be accurately
estimated. In the case of minerals, if heat capacity functions are not
available, they can be estimated from those of their oxides (Helgeson, 1969;
Berman and others, 1985).

(a) Reported experimental data (solubility, free energy, and other data)
or reported K values as a function of temperature over the temperature range
of 25° to at least 200 °C. The values were extrapolated and interpolated to
the temperature values used in this code.

(b) Computed using KELYCOB (Helgeson, 1971a) and SUPCRT (Helgeson,
1985), which computes the equilibrium constants of a given reaction (log Kr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>